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ABSTRACT In this paper, a calibration approach based on transfer function extraction for the Cartesian
vector modulator (VM) is presented. Three kinds of VM models—the ideal VM model, the frequency-
dependent VM model and the modified frequency-dependent VM model, are introduced in the proposed
calibration approach. The calibration approach starts with an initialization of the transfer function of the
modified frequency-dependent VM model. Then, the parameters of the transfer function are modified and
extracted from the data of the measured transmission state (transmission amplitude and phase) of the actual
VM by iteration, until the transmission state predicted by the extracted transfer function agrees well with
the measured transmission state. Subsequently, the extracted transfer function of the modified frequency-
dependent VM model is capable of describing the transmission characteristics of the actual VM, and the
calibrated baseband control voltages for the desired transmission amplitude and phase of the actual VM are
able to be obtained by using the extracted transfer function. An actual VM is used as an example to verify this
method. By adopting the proposed method, the maximum amplitude and phase errors at different complex
gain setpoints are reduced to 0.05 dB and 0.3◦ respectively after only two iteration steps. Since the actual
VM is able to be accurately calibrated in only a few iteration steps, the results reveal that high accuracy
and efficiency can be obtained in this calibration technique, which is well suited for applications involving
high-accuracy calibration, real-time calibration and multichannel VM system calibration.

INDEX TERMS Calibration, gain control, phase control, transfer function, vector modulator (VM).

I. INTRODUCTION
The vector modulator (VM) plays an important role in a
variety of applications, in which the amplitude and phase
control of signals are required, particularly in beamforming
and phased array systems [1]–[3], modern communication
systems [4]–[6], fifth-generation (5G) mobile technology
[7]–[10], and feed-forward linearization techniques
[11]–[13].

Traditionally, the VM can be divided into four main
categories [6], [14], [15]: polar-based [16], phase over-
sampling [14], constant-Gm [15], and Cartesian-combining
types [6]. Comparatively, the Cartesian-combining VM is
more widely used [3], [17]–[21] due to the ease of imple-
mentation and manipulation, low cost and widespread com-
mercial availability.

The associate editor coordinating the review of this manuscript and
approving it for publication was Wei Liu.

The control accuracy of the transmission amplitude and
phase of the VM is of essential importance in many appli-
cation scenarios. In phased array antennas and beamforming
applications, the precision of the radiation pattern relies on
the accuracy of the amplitude and phase of the RF sig-
nals [21], [22]. Meanwhile, the beamforming performance
and the electrical steering performance of a phased array sys-
tem depend mostly on the resolution of the controlled phase
shift [23]. For communication systems, the control accuracy
of the transmission phase and amplitude of the VM are crucial
to provide an accurate constellation [24]. However, it is diffi-
cult to obtain the desired transmission amplitude and phase
with high resolution and accuracy. For an actual Cartesian
VM, the control accuracy of the transmission phase and
amplitude are degraded by the asymmetry in the in-phase (I)
and quadrature (Q) signal paths, the nonideal behavior of the
quadrature hybrid and the amplitude modulators, and other
imperfections [17]. Therefore, a careful calibration proce-
dure should be adopted. In [23], [25]–[27], the calibration
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was implemented by sweeping the control voltages of the
VM while measuring its corresponding transmission state,
and then search through the measured transmission states
to find which are closest to the desired transmission states.
By developing an appropriate data selection technique to
reduce the testing data points on the constellation, a relatively
efficient calibration approach is realized [28]. The relation-
ship between the calibrated control signals and the desired
phase shift was developed in [29], and the coefficients of
the developed transfer functions were obtained by perform-
ing power measurements. A model-based calibration method
mainly concerned with the amplitude and phase imbalance of
the quadrature generator network of the VM was presented
in [30], and the unknown values of the model parameters
were experimentally determined. A feed-forward calibration
method based on the predistortion concept was introduced
in [17], and a lookup table was employed to store the cor-
rection parameters of the transmission amplitude and phase,
which were obtained through measurements.

The calibration works presented above are grouped into
two types: the sweep control signal method [23], [25],
[26], [28] and the model-based method [17], [29], [30]. For
the first type, the I and Q control voltages of the VM are
swept over a two-dimensional array [26] and the transmis-
sion states of the VM are measured at each point on the
two-dimensional control voltage plane, then the calibration
is finished by choosing the best matched transmission state
with respect to the desired transmission state. It is relatively
simple to obtain the required control signals for the desired
transmission states by using this method. It should be noted
that, as the I and Q control voltages have to sweep over
a two-dimensional array, the step size and the sweep area
of the control voltages determine the number of the testing
points on the control voltage plane.When high-resolution and
high-accuracy along with large control range are desired for
the transmission states, a small step size and a large sweep
area would be required for the I and Q control voltages.
However, this would result in a large number of testing points
on the control voltage plane, leading to a time-consuming
and inefficient measurement. Therefore, when adopting this
technique, a trade-off between the calibration accuracy and
the time consumption should be considered. Furthermore,
this method is not very suited for the calibration of the mul-
tichannel VM system and the real-time calibration scenarios.
The second approach typically introduces a model and the
corresponding transfer functions, which relate the control
signals and the transmission state of the VM. By performing a
set of measurements, the parameters of the transfer functions
are extracted, and then the required control signals for the
desired transmission state are able to be calculated by using
the extracted transfer functions. In [29], [30], the procedure
for the parameters extraction is to sweep the parameters of
the proposed transfer function until the predicted character-
istics by the extracted transfer function agree well with the
measured characteristics of the actual VM. The VM model
and the calibration approach proposed in [17] are capable of

calibrating the transmission state of the VM with high accu-
racy and efficiency, but the inherent frequency-dependent
insertion phase and loss of the actual VM are not included
in the proposed VM model.

In this paper, a calibration method based on transfer func-
tion extraction for the Cartesian VM is presented. In order to
obtain the transfer functions of the actual VM, threeVMmod-
els, the ideal VMmodel, the frequency-dependent VMmodel
and the modified frequency-dependent VM model, and their
corresponding transfer functions are developed. The modi-
fied frequency-dependent VM model is a behavioral model
of the actual VM, which is not restricted to the specific
nonideal behavior of the actual VM and takes into account
the frequency-dependent insertion phase and loss of the
actual VM. Through a few iterations, the transfer functions of
the modified frequency-dependent VM model are able to be
accurately extracted from the measured transmission ampli-
tude and phase of the actual VM. Subsequently, the calibrated
baseband control voltages for the desired transmission state
of the actual VM are able to be obtained. The experimental
results show that the errors of the calibrated transmission
amplitude and phase are less than 0.05 dB and 0.3◦, respec-
tively, after only two iteration steps. Due to the high accuracy
and efficiency of the proposed calibration method, it is well
suited for the multichannel VM system and the real-time
calibration scenarios, such as the phased array systems and
the low-level RF control system for accelerators [17], [19].

The rest of this paper is organized as follows. In Section II,
three kinds of VM models and the principle of the trans-
fer function extraction for the Cartesian VM are described.
In Section III, a practical example is given to validate the pro-
posed calibration approach. A discussion of the measurement
results is presented in Section IV. Finally, the conclusions are
drawn in Section V.

II. THE PRINCIPLE OF TRANSFER FUNCTION EXTRACTION
FOR THE CARTESIAN VM
The objective of the transfer function extraction for the Carte-
sian VM is to find a series of parameters of a predefined
model, whose response agrees well with a given set of mea-
surement data. To investigate the principle of the transfer
function extraction in this paper, it is necessary to discuss the
Cartesian VM first.

A. CARTESIAN VM AND THE IDEAL VM MODEL
The functional blocks of a Cartesian VM are illustrated
in Fig. 1.

FIGURE 1. Block diagram of the Cartesian VM.
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First, the RF input signal is applied to the quadrature
generator network, which splits the signal into I and Q com-
ponents. Then, the I and Q signals are weighted by two linear
amplitude modulators individually, and the weighted values
of the I and Q signals are controlled by Cartesian baseband
inputsVI andVQ, respectively. Eventually, the two amplitude-
modulated I and Q signals are combined by an in-phase
combiner to form the RF output signal, whose amplitude and
phase are able to be adjusted simultaneously and continu-
ously by controlling VI and VQ. By assuming that the circuit
components of the VM in Fig. 1 have ideal characteristics
and are frequency-independent, this VM can be regarded as
the ideal VMmodel. Then, the relationship between the trans-
mission coefficient (S21) and the baseband control voltages
(VI, VQ) of the ideal VM model is given by [20]:

|S21| ∝
√
V 2
I + V

2
Q (1a)

6 S21 = arctan
VQ
VI

(1b)

According to equation (1), the contour plots of the trans-
mission amplitude (|S21|) and phase (6 S21) of the ideal
VM model are able to be simulated, and are illustrated
in Fig. 2.

FIGURE 2. Simulated contour plots of the transmission amplitude and
phase of the ideal VM model.

From this figure, the null point of the transmission ampli-
tude of the ideal VM model is located at the origin of the
coordinate system. The contour plots of the transmission
amplitude are represented by a series of concentric circles
around the null point, and the contour plots of the transmis-
sion phase exhibit a set of straight lines starting from the null
point. It is worthmentioning that there is only one intersection
point between a certain transmission amplitude contour line
and a certain transmission phase contour line. It indicates
that the required baseband control voltages for the desired
transmission coefficient are unique. Therefore, the problem

of obtaining the required baseband control voltages for the
desired transmission state can be converted to the problem
of: finding the position (coordinate values) of the intersection
point of the desired transmission amplitude contour line and
the desired transmission phase contour line.

In practice, since the actual VM exhibits frequency-
dependent properties and nonideal behavior, equation (1)
could hardly describe the transfer characteristics of the actual
VM. Therefore, a more practical transfer function should be
developed.

B. THE FD-VM MODEL AND THE MODIFIED FD-VM
MODEL
Before developing a more practical VMmodel and the corre-
sponding transfer function, it is beneficial to investigate the
structure of the actual VM. Fig. 3(a) and Fig. 3(b) show an
actual multichannel VM module and a single VM channel,
respectively. From Fig. 3(b), it shows that the actual VM con-
sists of the VM core circuit and the input/output transmission
lines. The VM core circuit is composed of the VM chip
and the associated distributed components. Usually, the per-
formance of the VM chip and the distributed components
are frequency-dependent. Meanwhile, the insertion phase and
loss of the input/output transmission lines are also frequency-
dependent. Therefore, the frequency-dependent characteris-
tics presented in the VM core circuit and the input/output
transmission lines would contribute to the overall frequency-
dependent property of the actual VM, and these frequency-
dependent insertion loss and phase properties of the actual
devices should be considered in a more practical VM model.

FIGURE 3. (a) Photograph of an actual multichannel VM module.
(b) A single VM channel. (c) Block diagram of the FD-VM model.

Based on the descriptions presented above, a relatively
practical VM model named as the frequency-dependent
VM (FD-VM) model is introduced, which is shown
in Fig. 3(c). The FD-VM model is composed of the
frequency-independent ideal VM core and the frequency-
dependent circuit. The vector modulation function of the
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FD-VMmodel is realized by the frequency-independent ideal
VM core, whose transfer function is identical with that of
the ideal VM model. The frequency-dependent circuit of the
FD-VM model contains all of the frequency-dependent
aspects in the actual devices. Therefore, the transfer func-
tion of the FD-VM model, which is shown in equation (2),
is regarded as a modification of the transfer function of the
ideal VM model by adding frequency-dependent terms.

Gain
(
VBBI ,VBBQ, f

)
= 20 log10

√(
VBBI
VO

)2

+

(
VBBQ
VO

)2

+Gainconst (f ) (dB) (2a)

Phase
(
VBBI ,VBBQ, f

)
= arctan

VBBQ
VBBI

+Phaseconst (f ) (Deg) (2b)

In equation (2), Gain (VBBI , VBBQ, f ) and Phase (VBBI,
VBBQ, f ) represent the transmission amplitude and phase
of the FD-VM model, respectively. Gainconst(f ) is the
insertion loss of the total frequency-dependent part of
the actual VM, which corresponds to the insertion loss
of the frequency-dependent circuit of the FD-VM model.
Phaseconst(f ) is the systematic insertion phase of the actual
VM, which corresponds to the insertion phase of the
frequency-dependent circuit of the FD-VM model. VBBI and
VBBQ are the I and Q channel baseband control voltages,
respectively. Vo is the baseband scaling constant, which is
used to set the maximum transmission amplitude of the actual
VM. Vo is decided and provided by the manufacturer of
the VM. Similar to the analysis of the ideal VM model,
the contour lines of the transmission amplitude of the FD-VM
model are represented by a series of circles centered at (0, 0),
and the contour lines of the transmission phase exhibit a set
of straight lines starting from (0, 0).

Through a large number of measurements, it is found that
the calibration accuracies of the transmission amplitude and
phase of the FD-VM model are approximately 5 dB and 10◦,
respectively. It reveals that the FD-VM model is only able
to be used as a relatively coarse model for VM calibration,
it is not sufficient for high-accuracy applications, in which
the errors of the transmission amplitude and phase may be
less than 0.1 dB and 1◦, respectively. Therefore, the FD-VM
model should be modified in order to obtain high calibration
accuracy.

In the FD-VMmodel, the amplitude null point is located at
(0, 0) in the VBBI-VBBQ plane. However, in real applications,
the null point of the actual VMwould be deviated from (0, 0).
Considering this nonideal characteristic, the transfer function
of the FD-VM model is modified as:

Gain
(
VBBI , nI ,VBBQ, nQ, f

)
= 20 log10

√(
VBBI−nI

VO

)2

+

(
VBBQ−nQ

VO

)2

︸ ︷︷ ︸
a

+Gainconst (f )(dB) (3a)

Phase
(
VBBI , nI ,VBBQ, nQ, f

)
= arctan

VBBQ−nQ
VBBI−nI︸ ︷︷ ︸
b

+Phaseconst (f ) (Deg) (3b)

Equation (3) is the transfer function of the modified
FD-VM model. Gain (VBBI, nI, VBBQ, nQ, f ) and Phase
(VBBI, nI, VBBQ, nQ, f ) represent the transmission amplitude
and phase of the modified FD-VM model, respectively. The
terms a and b are the modified transfer function of the trans-
mission amplitude and phase of the ideal VM model, respec-
tively. nI and nQ are the coordinate values of the transmission
amplitude null point of the modified FD-VM model, on the
VI−axis andVQ−axis, respectively. Similar to the analysis of the
ideal VM model, the contours of the transmission amplitude
of the modified FD-VM model are represented by a series of
circles centered at (nI, nQ), and the contours of the transmis-
sion phase exhibit a set of straight lines starting from (nI, nQ).
Equation (2) is a special case of equation (3) when both nI
and nQ are equal to zero, and the contours of the transmission
amplitude and phase of equation (3) are the translation of
those of equation (2) by vector (nI, nQ).

C. TRANSFER FUNCTION EXTRACTION
In practice, the transfer function of the actual VM should be
obtained, in order to get the baseband control voltages for the
desired transmission amplitude and phase. To illustrate the
transfer function of an actual VM at a certain frequency point,
its contour plots of the transmission amplitude and phase are
assumed to be ellipses and straight lines respectively, which
are sketched in Fig. 4.

FIGURE 4. Sketch illustrating the contour plots of the transmission
amplitude and phase of the actual VM at frequency f.

In this figure, due to the nonideal behavior of the actual
VM, the amplitude null point is deviate from (0, 0), and the
amplitude contours are represented by ellipses, but not cir-
cles. If the curve functions of the transmission amplitude and
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phase contours are achieved, the required baseband control
voltages for the desired transmission amplitude and phase are
able to be calculated directly. Unfortunately, these functions
are usually unknown and cannot be determined easily and
accurately. Therefore, it is necessary to investigate a method
to obtain the transfer function of the actual VM.

The main idea of the proposed transfer function extrac-
tion and the VM calibration method are that, by shifting
the contours of the transmission amplitude and phase of the
FD-VM model in the VI-VQ plane, these contours are able to
be coincided with the contours of the transmission amplitude
and phase of the actual VM at the desired transmission state
point. Then, the shifted contours of the transmission ampli-
tude and phase of the FD-VMmodel, which correspond to the
contours of the transmission amplitude and phase of the mod-
ified FD-VM model, are applied to predict and calibrate the
transmission characteristics of the actual VM at the desired
transmission state point.

To describe the procedure of the proposed calibration
method in a convenient way, the contours of certain transmis-
sion amplitude and phase of the actual VM and the FD-VM
model are sketched in Fig. 5. In this figure, the solid ellipse
and line represent the A (dB) amplitude and the θ (degrees)
phase contours of the actual VM respectively, while the
dotted circle and straight line represent that of the FD-VM
model. The contours of A (dB) and θ (degrees) of the actual
VM intersect at point A. It indicates that, if the desired
amplitude and phase for the actual VM are A (dB) and
θ (degrees) respectively, the coordinate values of point A,
which correspond to the baseband control voltages for the
desired transmission state, should be obtained. Therefore, the
problem of achieving the desired transmission state is con-
verted to obtain the coordinate values of point A. It is notable
that, the A (dB) and θ (degrees) contours of the FD-VM
model intersect at point B, and point A and point B will
coincide, if ideal performance is achieved for the actual VM.

FIGURE 5. Sketch illustrating the transmission amplitude, A, and phase
shift, θ , contours of the actual VM and the FD-VM model at frequency f.

However, due to the nonideal behavior of the actual VM, there
is some deviation between point A and point B. Asmentioned
in Section II. B, the FD-VMmodel can be regarded as a coarse
model to describe the transfer function of the actual VM,
therefore, the coordinate values (VBBI1, VBBQ1) of point B
are regarded as the initial baseband control voltages for the
desired transmission state of the actual VM. By substituting
the desired transmission state into equation (2), VBBI1 and
VBBQ1 are obtained, which are regarded as the preliminary
coordinate values of point A. The validity of the preliminary
values is able to be verified by applying VBBI1 and VBBQ1 to
the actual VM and measure the corresponding transmission
coefficient. The measured transmission amplitude and phase
are assumed to be Am1 and θm1 respectively, if Am1 and θm1
are within the tolerance of the desired transmission state,
then VBBI1 and VBBQ1 are the required baseband control
voltages. This situation occurs when low accuracy is required
for the transmission state, but it is no longer the case in
high-accuracy applications. The FD-VMmodel is only appli-
cable for a coarse calibration, and a further calibration step
should be adopted if more accurate calibration results are
required.

To obtain the control voltages for point A more accu-
rately, intuitively, shift the contours of the FD-VM model
and point B will shift to a new position point B’, which
is closer to point A. Then, this new point is supposed to
predict point A. As illustrated in Fig. 6(a), the center of
the amplitude contour of the FD-VM model is shifted from
the origin point E (0, 0) in Fig. 5 to point E’ (nI1, nQ1) in
Fig. 6(a), and point B is shifted to the new position point B’
by vector (nI1, nQ1). nI1 and nQ1 represent the shift values
of the contours of the FD-VM model on the VI−axis and
VQ−axis, respectively. Meanwhile, nI1 and nQ1 are also the
coordinate values of the transmission amplitude null point of
the modified FD-VM model. In the procedure of the transfer
function extraction, the contours of the FD-VM model are
shifted by vector (nI1, nQ1), therefore, (nI1, nQ1) is also named
as the shift vector pair. In order to obtain the coordinate values
of point B’, the values of nI1 and nQ1 must be obtained first.
As themeasured transmission state of the actual VM is known
when the baseband control voltages are VBBI1 and VBBQ1,
then the mapping between the measured transmission state
(Am1 and θm1) and the corresponding baseband control volt-
ages (VBBI1, VBBQ1) for the actual VM is able to be obtained.
For the FD-VM model, VBBI1 and VBBQ1 are correspond to
the transmission state of A and θ rather than Am1 and θm1.
Assuming that the relationship between (VBBI1, VBBQ1) and
(Am1 and θm1) for the actual VM, corresponds to the inter-
section point of the Am1 amplitude contour and the θm1 phase
contour of the modified FD-VM model, which is illustrated
as point G in Fig. 6(b). Subsequently, the transfer function of
the actual VM for this transmission state (Am1 and θm1) can
be formulated in equation (3).

Equation (3) denotes the functional relationships between
three parameters: the baseband control voltage pair
(VBBI, VBBQ), the shift vector pair (nI, nQ) and the
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FIGURE 6. Sketch illustrating (a) the transmission amplitude, A, and
phase shift, θ , contours of the actual VM and the modified FD-VM model
at frequency f. (b) The transmission amplitude and phase contour plots of
the modified FD-VM model at frequency f.

corresponding transmission state (A and θ ). It indicates that
if two of the three parameters are given, the other parameter
is computable by solving equation (3). Now, since (VBBI1,
VBBQ1) and (Am1 and θm1) are given, the shift vector pair
could be calculated as nI1 and nQ1. As the obtained shift
vector pair in this step may not be accurate enough to
formulate the transfer function with the required accuracy,
it is written as (nI1, nQ1) but not (nI, nQ), which is regarded
as the theoretically best suited shift vector pair for a certain
transmission state. By introducing nI and nQ, equation (3)
is able to be modified through measurements. Note that
(nI, nQ) is only valid within certain transmission amplitude
and phase control ranges, because it is calculated from certain
baseband control voltages and the corresponding measured
transmission state. Therefore, (nI, nQ) varies with the desired
transmission state.

Now, since (nI1, nQ1) is obtained for equation (3), it is
capable of predicting a more accurate baseband control volt-
age pair (VBBI2, VBBQ2) for the desired transmission state.
After (VBBI2, VBBQ2) is achieved, the corresponding mea-
sured transmission amplitude and phase of the actual VM are
regarded as Am2 and θm2, respectively. Through a set of
measurements, it is found that Am2 and θm2 is usually accept-
able for general applications, in which the amplitude and
phase control accuracy are about 1 dB and 5◦, respectively.
If more accurate control of the transmission state is needed,
further iteration procedures are required. The procedure of the
transfer function extraction mentioned above is illustrated by
the flowchart in Fig. 7.

FIGURE 7. The flowchart of the proposed transfer function extraction
process.

The extracted transfer function is also valid within cer-
tain amplitude and phase control ranges. As illustrated
in Fig. 6(a), assuming that point A corresponds to a transmis-
sion state point, and the transfer function is already extracted
at this point. Then, the relationship between the control volt-
ages and the transmission states near to point A, is able to be
approximately described by the extracted transfer function at
point A. In Fig. 6(a), the shaded region is used to illustrate
the transmission states near to point A. Taking point C, which
is located in the shaded region near to point A, as an exam-
ple, since point C is in the vicinity of point A, the transfer
functions associated with the two points are close to each
other. Therefore, it is feasible to apply the transfer function
extracted at point A to point C, though the accuracy may
decrease.

D. A PRACTICAL STEP-BY-STEP PROCEDURE FOR THE
TRANSFER FUNCTION EXTRACTION
Step 1) Set up the reference transmission state of the VM.
Theoretically, the reference transmission state is supposed to
be arbitrary as long as it is achievable for the VM. In prac-
tice, by selecting appropriate baseband control voltages and
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then applying them to the VM, the corresponding reference
transmission state is obtained.

Step 2) Determine the systematic insertion phase
(Phaseconst(f )) of the VM. By assuming that the insertion
phase of the VM core circuit is zero, when it is in the refer-
ence transmission state, Phaseconst(f ) is able to be achieved
by measuring the reference transmission state of the VM.
After obtaining the S21 of the VM through measurements,
Phaseconst(f ) is determined as:

Phaseconst (f ) = 6 S21 (4)

Step 3) Determine the insertion loss of the total frequency-
dependent part (Gainconst(f )) of the VM. Gainconst(f ) can
be obtained as the insertion loss of the VM when it is in
the reference transmission state. Adopting the measured S
parameter in Step 2), Gainconst(f ) is able to be formulated
as:

Gainconst (f ) = |S21| (5)

Step 4) As Phaseconst(f ) andGainconst(f ) are extracted, for
the following transfer function extraction procedure, please
refer to the flowchart in Fig. 7.

III. EXPERIMENTAL VERIFICATION
To validate the transfer function extraction approach, it is
applied to a VM module, which is shown in Fig. 3(a). The
Cartesian VM chip AD8341 and the associated distributed
components are adopted to compose the core circuit of the
VM, which is depicted in Fig. 3(b). A detailed description of
the VM under test and the corresponding measurement setup
are presented in our previous work [20].

The requirements for the VM manipulation are that the
desired complex gain is −4.5 dB6 30◦ at 1700 MHz and that
the corresponding phase and amplitude tolerances are ±0.3◦

and ±0.05 dB, respectively. It is notable that the proposed
−4.5 dB6 30◦ complex gain is just an example for the exper-
imental verification, and the complex gain is able to be any
arbitrary complex value as long as it is within the phase and
amplitude control ranges of the VM hardware.

According to the procedure of the transfer function
extraction explained in Section II. D, the systematic inser-
tion phase of the VM and the insertion loss of the total
frequency-dependent part of the VM are obtained, which are
depicted as the green line and blue dotted line, respectively,
in Fig. 8. It shows that both the insertion loss and the system-
atic insertion phase are frequency-dependent.

From Fig. 8, Phaseconst(f ) and Gainconst(f ) are −67.62◦

and −3.77 dB, respectively, at the frequency point
of 1700 MHz. Then, by implementing the procedure of
the transfer function extraction, the baseband control volt-
ages, the extracted shift vector and the corresponding mea-
sured transmission state data are obtained, which are shown
in Table 1.

After the 1st iteration, the measured complex gain is−4.69
dB6 31.28◦, which is outside the tolerance of the desired
transmission state. Therefore, a second iteration procedure is

FIGURE 8. The systematic insertion phase of the VM and the insertion
loss of the total frequency-dependent part of the VM.

TABLE 1. Extracted parameters and the associated measurement results.

implemented, in order to obtain a more appropriate shift vec-
tor pair for the transfer function. After the 2nd iteration, the
extracted transfer function is sufficient to predict the required
baseband control voltages for the desired transmission state,
since the measured complex gain is−4.47 dB6 30.12◦, which
is within the tolerance requirement.

To further illustrate the validity and the performance of
the proposed calibration method, certain phase and amplitude
control ranges are calibrated by this method, which cover the
full 360◦ phase shift range with a 1◦ phase shift step, over the
−16.5 to−4.5 dB gain control range with a gain step of 3 dB.
Fig. 9 illustrates the uncalibrated and calibrated amplitude
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FIGURE 9. Amplitude error versus the phase setpoint at different gain
setpoints (frequency of 1700 MHz): (a) uncalibrated case; (b) calibrated
case.

error versus the desired phase setpoints for different gain
setpoints at 1700 MHz. The maximum error of the uncal-
ibrated amplitude over the −16.5 to −4.5 dB gain control
range reaches 0.95 dB, but it is reduced to 0.05 dB after
calibration. Fig. 10 shows the uncalibrated and calibrated
phase error against the desired phase setpoints at different
gain setpoints. The maximum error of the uncalibrated phase
over the whole gain control range is 8.7◦, while it is below
0.3◦ after the calibration. It should be mentioned that the
calibration results in Fig.9 (b) and Fig.10 (b) are achieved
after only two iterations. Fig. 11 and Fig. 12 present the
absolute value of the amplitude and phase errors versus the
iteration number at different complex gain setpoints, respec-
tively. It shows that the iteration loop converges within only a
few iteration steps. Themaximum amplitude and phase errors
at different complex gain setpoints are reduced to 0.05 dB and
0.3◦, respectively, after two iteration steps. The experimental
results verify that the proposed calibration method is capable
of accurately describing the relationship between the com-
plex gain and the corresponding baseband control voltages

FIGURE 10. Phase error versus the phase setpoint at different gain
setpoints (frequency of 1700 MHz): (a) uncalibrated case; (b) calibrated
case.

of the actual VM, after only a few iterations. Meanwhile,
the iteration loop converges very quickly after only two steps.
Due to the high accuracy and fast convergence, the proposed
method is suitable for high-accuracy and real-time calibration
applications.

As previously mentioned in the last paragraph of
Section II. C, the extracted transfer function is also capa-
ble of predicting the baseband control voltages for other
desired transmission states, which are close to the transfer
function extracted transmission state. Taking the transmission
state of −4.5 dB 6 30◦ for example, the transfer function
is extracted at this transmission state, and the parameters
of the extracted transfer function are listed in Table 1.
Therefore, other desired transmission states near to
−4.5 dB 6 30◦ can also be described by the extracted transfer
function of the −4.5 dB6 30◦ transmission state, and the cor-
responding measurement results are listed in Table 2. In this
table, the transmission state of −4.5 dB6 30◦ corresponds to
point A in Fig. 6(a), and the remained transmission states
are assumed to be located in the shaded region in Fig. 6(a).
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FIGURE 11. Absolute value of the amplitude error versus the iteration
number at different complex gain setpoints (frequency of 1700 MHz).

FIGURE 12. Absolute value of the phase error versus iteration number at
different complex gain setpoints (frequency of 1700 MHz).

By investigating the measurement results in Table 2, it shows
that within an amplitude control range of 6 dB (−10.5 to
−4.5 dB) and a corresponding phase control range of 10◦

(25◦ to 35◦), the phase and amplitude errors between the
measured transmission states and the desired are within
±1◦ and ±0.1 dB, respectively. Therefore, the extracted
transfer function is valid within certain amplitude and phase
control ranges.

IV. DISCUSSION
From the procedure of the transfer function extraction,
it shows that the proposed method is directly aimed at calcu-
lating the required control voltages for the desired transmis-
sion state through a transfer function model. This approach

TABLE 2. The measurement results for other desired transmission states
near to the extracted transmission state (−4.5 dB6 30◦).

is more efficient than the sweep control signal method,
in which a great deal of data points should be tested. For
example, in a specific application, the control requirements
for the transmission phase and amplitude are: (1) the trans-
mission phase and amplitude tolerance are±1◦ and±0.1 dB,
respectively; (2) 360◦ phase shift control range with a 5◦

control step; (3) amplitude control range of 6 dB with a
0.75 dB control step. Based on the proposed approach, only
approximately 36 pairs of the shift vector are needed to be
extracted. Since each shift vector pair is able to cover 6 dB
of amplitude control range and 10◦ of phase control range,
which is observed in Section III and validated by additional
measurements. The benefit of the proposedmethod is evident,
since two iteration steps are normally sufficient to extract
the shift vector, and the procedure for extracting 36 pairs
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of the shift vector only requires approximately 108 times
of evaluation for the transmission state of the actual VM.
Meanwhile, only 36 pairs of the shift vector data are needed
to be stored. In comparison, 576 pairs of the baseband control
voltage should be stored for the sweep control signal method.
Furthermore, a tremendous number of points, which are far
greater than 576 are required to be swept on the constella-
tion and measured to extract the desired transmission state.
In [28], 15991 data points were required to be tested, in order
to obtain a 360◦ phase shift control range with a 5.625◦

control step and a corresponding amplitude control range
of 6 dB with a 0.75 dB control step. Compared to the model-
based calibration method in [29] and [30], the calibration
method proposed here is relatively highly efficient, since the
model parameters are able to be extracted in a few iterations,
while the model parameters extraction process by parameter
sweeping in [29] and [30] is relatively inefficient.Meanwhile,
the frequency-dependent insertion phase and loss of the actual
VM are also included in this approach, which cannot be seen
in [17]. For the calibration accuracy, the performance of the
proposed calibration method and other reported works are
listed in Table 3. As can be observed, the proposed method
shows relatively higher calibration accuracy. In recent years,
the state-of-the-art VM MMICs have adopted an on-chip
calibration unit, which adopts a extractor circuit for transmis-
sion amplitude and phase errors, and a dedicated calibration
scheme [7], [9], [31]. The desired transmission state can
be quickly obtained with high accuracy, by using the pro-
posedVMMMICs and the corresponding calibration scheme.
However, these calibration schemes are only applicable to
dedicated VM MMICs.

TABLE 3. Comparison of calibration accuracy between the proposed
method and conventional methods.

The proposed calibration approach is mainly focused on
effectively obtaining the correct control voltages for the
desired transmission states. This is because, in most cases,
the end users of the VM are only interested in how to
obtain the required control voltages for the desired trans-
mission amplitude and phase with high efficiency and accu-
racy. Indeed, the imperfections inside the VM chip and the
nonideal behavior of the peripheral circuit of the VM chip
will influence the final performance of the VM assembly,
but these aspects are usually beyond the control of the end
users. Therefore, calibrating for the control voltages is an
appropriate method to achieve the desired transmission state

of the VM. In order to obtain the calibrated control voltages
for an actual VM, the contours of the transmission amplitude
and phase of the modified FD-VM model are shifted in the
control voltage plane, until the predicted transmission state
of the model matches the desired transmission state. For the
VM models, which describe all of the practical nonideal
aspects of the actual VM, could be developed to calibrate the
actual VM. However, in order to obtain themodel parameters,
a large number of measurements are required. In comparison,
the modified FD-VM model developed here is a behavioral
model of the actual VM, which is not restricted to the specific
nonideal characteristics of the actual VM, such as the phase
and amplitude imbalances, the imperfect input 90◦ hybrid
and the output combiner. After only several iterations, the
calibrated control voltages for the desired transmission state
are able to be obtained by this approach. For the evaluation of
the transmission amplitude and phase in system-level applica-
tions, the amplitude and phase error detection scheme devel-
oped in [32] could be adopted. From the discussions, it can
be concluded that the proposed calibration method is well
suited for real-time calibration scenarios and multichannel
VM system calibration.

V. CONCLUSION
In this paper, a calibration method based on transfer function
extraction for the Cartesian VM is presented. Three kinds
of VM models and their transfer functions are developed.
At the desired transmission state point, the transfer function
of the modified FD-VM model are able to be extracted from
the measured transmission state data of the actual VM by
iteration. Then, the extracted transfer function is able to
calibrate the actual VM. The experimental results show that,
the transfer function is extracted after only two iteration steps,
and the calibrated amplitude and phase errors of the actual
VMare less than 0.05 dB and 0.3◦, respectively, these validate
the high accuracy and high efficiency of the proposed cali-
bration method. Meanwhile, the extracted transfer function
is also valid within certain transmission amplitude and phase
control ranges; thus, less memory is required to store the
model parameters. Moreover, this method is not limited to
the specific nonideal behavior of the actual VM. With the
advantages presented above, this technique is suitable for a
variety of applications, especially in multichannel VM sys-
tem calibration and real-time calibration scenarios.
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